A comprehensive investigation of ribosomal genes in complete genomes from 66 different species allows us to address the distribution of r-proteins between and within the three primary domains. Thirty-four r-protein families are represented in all domains but 33 families are speci®c to Archaea and Eucarya, providing evidence for specialisation at an early stage of evolution between the bacterial lineage and the lineage leading to Archaea and Eukaryotes. With only one speci®c r-protein, the archaeal ribosome appears to be a small-scale model of the eukaryotic one in terms of protein composition. However, the mechanism of evolution of the protein component of the ribosome appears dramatically different in Archaea. In Bacteria and Eucarya, a restricted number of ribosomal genes can be lost with a bias toward losses in intracellular pathogens. In Archaea, losses implicate 15% of the ribosomal genes revealing an unexpected plasticity of the translation apparatus and the pattern of gene losses indicates a progressive elimination of ribosomal genes in the course of archaeal evolution. This ®rst documented case of reductive evolution at the domain scale provides a new framework for discussing the shape of the universal tree of life and the selective forces directing the evolution of prokaryotes.
INTRODUCTION
The ribosome is at the core of the translation machinery of all organisms and assures two key functions: the decoding of the genetic information contained in messenger RNA and the formation of peptide bonds. It is a ribonucleoprotein particle of 70S in prokaryotes and 80S in eukaryotes composed of two subunits (30S and 50S subunits in prokaryotes, 40S and 60S in eukaryotes). As the ribosome is universal and submitted to strong selection pressure, ribosomal RNA (rRNA) has been extensively used as a reference molecule in phylogeny and is at the origin of the division of living organisms into three domains: Bacteria, Eucarya and Archaea (1) . Recent advances in structural biology have enabled the observation at high resolution of the 30S subunit of the thermophilic bacteria Thermus thermophilus (2, 3) , the 50S subunit of the bacteria Deinococcus radiodurans (4) and of the halophilic archaeon Haloarcula marismortui (5) . The complete structure of the 70S ribosome of T.thermophilus has been determined at 5.5 A Ê , in the presence of a transcript molecule and cognate transfer RNA (tRNA) bound to aminoacyl, peptidyl and exit sites (6) . Together, these crystal structures provide a considerable amount of information on the global architecture and protein±RNA interactions as well as details on ribosome interaction with mRNA and tRNA (reviewed in 7). They also con®rm that the functional regions for peptide bond formation in the large prokaryotic subunit (3, 8) and the decoding center in the small prokaryotic subunit (9) consist entirely of rRNA. Information on the eukaryotic ribosome structure is not so abundant but a recent cryo-electron microscopy reconstruction of the yeast 80S ribosome (10) con®rms that the fundamental mechanism of protein synthesis is highly conserved throughout the three domains.
In parallel to the spectacular progress achieved in understanding the structure of ribosome, the development of genomics has enabled the examination of ribosomal protein (r-protein) genes in both prokaryotic and eukaryotic genomes. These analyses con®rm that most of the bacterial r-protein genes are clustered in a few operons allowing coordinated regulation (11±15) and are rarely duplicated (16) . In contrast, eukaryotic r-protein genes appear widely scattered across the chromosomes and show numerous duplications (17±23). Wool et al. (24) were the ®rst to compare the rat r-proteins to the available sequence data from human, yeast, archaea and Escherichia coli. This pioneering work establishes that the rat r-proteins can be divided into three groups: (i) proteins with counterparts in both archaeal and bacterial domains; (ii) proteins with orthologs in the archaeal domain; and (iii) proteins exclusively found in Eucarya. However, no recent systematic comparison of the r-protein component of ribosome from the three primary domains is available. Here, we propose a comparative analysis of the r-proteins from 66 different species that includes r-proteins not previously reported in genome annotations. The wide range of genomes examined allows us to establish the phylogenetic distribution of r-proteins within and between each of the three primary domains, providing new insights into the emergence and evolution of the protein component of ribosomes.
MATERIALS AND METHODS
An initial set of r-proteins classi®ed into 102 families was obtained at http://www.expasy.ch/cgi-bin/lists?ribosomp.txt. For each family, representatives of various lineages across Bacteria, Archaea and Eucarya were used as probes and systematically compared to a non-redundant protein database consisting of SwissProt, SpTrEMBL and SpTrEMBLNEW using the BlastP program (25) with a cut-off of E < 0.001. The results of the BlastP comparison were cross-validated by a TBlastN search against a complete genome database including the bacterial species Aquifex aeolicus, Thermotoga maritima, D.radiodurans, Chlamydia muridarum, Chlamydia trachomatis, Chlamydia pneumoniae, Synechocystis sp., Anabaena sp., Mycobacterium leprae, Mycobacterium tuberculosis, Bacillus halodurans, Bacillus subtilis, Listeria innocua, Listeria monocytogenes, Staphylococcus aureus, Clostridium acetobutylicum, Mycoplasma genitalium, Mycoplasma pneumoniae, Ureaplasma urealyticum, Lactococcus lactis, Streptococcus pneumoniae, Streptococcus pyogenes, Caulobacter crescentus, Brucella melitensis, Agrobacterium tumefaciens, Mesorhizobium loti, Sinorhizobium meliloti, Rickettsia conorii, Rickettsia prowasekii, Neisseria meningitidis, Ralstonia solanacearum, Campylobacter jejuni, Helicobacter pylori, Buchnera aphidicola, E.coli, Salmonella typhimurium, Salmonella enterica, Yersinia pestis, Haemophilus in¯uenzae, Pasteurella multocida, Pseudomonas aeruginosa, Vibrio cholerae, Xylella fastidiosa, Borrelia burgdorferi, Treponema pallidum; the archaea Aeropyrum pernix, Sulfolobus solfataricus, Sulfolobus tokodaii, Pyrobaculum aerophilum, Pyrococcus abyssi, Pyrococcus horikoshii, Pyrococcus furiosus, Methanopyrus kandleri, Methanococcus jannaschii, Methanobacterium thermoautotrophicum, Archaeoglobus fulgidus, Halobacterium sp., Thermoplasma acidophilum, Thermoplasma volcanium; and the Eucarya Homo sapiens, Drosophila melanogaster, Caenorhabditis elegans, Arabidopsis thaliana, Saccharomyces cerevisiae, Schizosaccharomyces pombe and Encephalitozoon cuniculi.
The putative new gene sequences detected by the TBlastN searches were examined in the light of their genomic context to eliminate false-positives`hits' and further compared to the RefSeq database (26) . For each r-protein family, the likely rprotein sequences obtained by the BlastP and TBlastN searches were included in a multiple alignment constructed by MAFFT (27) . All alignments were re®ned by RASCAL (J. D. Thompson, J. C. Thierry and O. Poch, manuscript submitted) and their quality assessed by NorMD (28) . These alignments were manually examined to remove false-positives observed in some r-protein families, in particular those containing ubiquitous RNA-binding domains. All the alignments are available at http://www-igbmc.u-strasbg.fr/BioInfo/ Rproteins.
RESULTS

Gene detection
The distribution of 102 families of ribosomal prokaryotic and/ or eukaryotic cytoplasmic proteins has been analyzed in complete genome sequences from 66 different species, including 45 bacteria, 14 archaea and 7 eukaryotes. In the case of ribosomal genes which often exhibit a biased composition and a small size, the results of a database search can greatly depend on the choice of the query sequence. Thus, for each protein family, we performed multiple searches in the non-redundant protein database using query sequences from phylogenetically distant organisms. All these sequences were also compared to complete genomic sequences, allowing the localization of the corresponding genes on the genomes. This cross-validation appears to be a prerequisite to obtain a correct picture of the phylogenetic distribution of ribosomal genes since a small but not negligible number of short genes escape annotation, as revealed by re-annotations of complete genomes (29, 30) . Using this approach, we detected 24 potential genes (Supplementary Material, Table S1) in the complete genomes investigated that were overlooked during the gene prediction process but are likely to encode r-proteins. Among them, 12 have already been created as provisional records of the RefSeq database (26) and integrated in the COG database (31, 32) . The convergence of two independent processes substantiates our method and con®rms these open reading frames as functional genes.
Inter-domain distribution
The overall phylogenetic distribution of prokaryotic and/or eukaryotic cytoplasmic r-proteins is summarized in Figure 1 and a more detailed description, including nomenclatural correspondence between protein names, is provided as Supplementary Material (Table S2) . We detected 57 different r-protein families in Bacteria, 68 in Archaea and 78 in Eucarya, which underlines the protein enrichment of the ribosome from Bacteria to Eucarya. Among the 102 r-protein families, 34 (15 in the SSU, 19 in the LSU) are represented in all three domains of life (the BAE set in Fig. 1 ) but two of them are absent in some bacteria (see below), leading to a total of 32 families conserved in all the complete genomes studied (Table 1) . In E.coli, 22 of the 32 universal proteins belong to the S10-spc-alpha operons which constitute the longest array of genes conserved in bacterial genomes (11±13). Many of the universal proteins have been shown to be crucial for the ribosome assembly such as the early assembling proteins S4p, S7p, S8p, S15p, S17p, L2p, L3p, L4p, L5p, L15p, L18p (33, 34) and the proteins implicated in the bridges between the two subunits (S13p, S15p, S19p, L2p, L5p, L14p) (6) . Others are in contact with the tRNA (S7p, S9p, S12p, S13p, L1p and L5p) or surround the polypeptide exit channel (L22p, L24p and L29p) (6) . It is noteworthy that the proportion of universal r-proteins is higher in the SSU than in the LSU: among the 22 r-protein types experimentally identi®ed in E.coli ribosomal small subunit (35, 36) , more than two-thirds are conserved in all studied genomes, whereas only half of the 33 r-protein types from the E.coli ribosome large subunit are universal. The greater evolutionary stability of the SSU protein component may be linked to the higher conservation of the SSU rRNA compared to the LSU rRNA despite striking differences reported between E.coli and eukaryotic small subunit morphology (37) .
The r-protein families common to Eucarya and Archaea but absent in Bacteria constitute an extended pool (called AE in Fig. 1 ) of 33 members (13 in the SSU, 20 in the LSU). The high number of r-proteins speci®c to Eucarya and Archaea re¯ects the deep resemblance between the informational proteins of the two domains previously noted in comparative genomic studies (38±40) and is in agreement with most phylogenetic studies on rRNA. However, this number is substantially higher than expected from previous comparison of r-proteins (12, 24) . Another large set (set B in Fig. 1 ) corresponds to the 23 r-proteins (8 in the SSU, 15 in the LSU) exclusively found in Bacteria. The major split between Bacteria on the one hand and Archaea and Eucarya on the other hand is further supported by the absolute absence of proteins speci®c to bacterial and archaeal domains or to bacterial and eukaryotic domains despite the wide phylogenetic range of genomes studied here. When proteins are positioned in the available 3D structures of bacterial and archaeal ribosomal subunits (Fig. 2) , no clear correlation arises between the phylogenetic and the spatial distributions of the r-proteins, except for the bacteria-speci®c proteins in the small ribosomal subunit which are mainly found at the periphery of the ribosome. This could be in agreement with the observation of Spahn et al. (10) who note the presence of additional proteins with no counterpart in Bacteria as well as expansion segments of rRNA at the solvent exposed surface of the yeast ribosome. The two remaining sets of r-proteins The number of families is indicated for each set. The two numbers enclosed by parentheses refer to r-protein families found in the small and large ribosome subunits respectively. Table 1 . Distribution of r-protein families in Bacteria (B), Archaea (A) and Eucarya (E)
The conservation of the protein family in all investigated genomes of a primary domain is denoted by X whereas the presence of a protein family in some, but not all, representatives of a domain is indicated by x. a Uncertain distribution.
correspond to the archaeal-speci®c r-protein LXa (set A in Fig. 1 ) and to the 11 r-proteins (4 in the SSU, 7 in the LSU) exclusively found in Eucarya (set E in Fig. 1 ). Thus, with the exception of LXa, all the r-proteins found in Archaea are also found in Eucarya and the archaeal ribosome, which is close to the bacterial one in terms of size, appears to be a small-scale model of the eukaryotic ribosome in term of r-protein composition.
Phylogenetic distribution of r-proteins in Bacteria
The r-protein families ranging from S2p to S20p as well as the r-protein families L1p-L6p, L9p-L24p, L27p-L29p and L31p-L36p are encoded by all bacterial genomes investigated (Table 1) , de®ning a stable pool of 50 r-proteins (19 in the SSU and 31 in the LSU) in Bacteria. Only four well established bacterial r-proteins exhibit a disparate distribution: the bacterial-speci®c S1p, S21p, L25p proteins and the L30p found in all three domains of life. The pattern of absence of the S1p and S21p families is very puzzling since they are lacking in only a few lineages widely dispersed in the phylogenetic tree of Bacteria, ranging from early divergent free-living bacteria such as D.radiodurans and T.maritima to intracellular pathogens (Fig. 3) . Although the S1p and S21p are adjacent in the ribosome small subunit of E.coli (41), there is no strict correlation between the absences of the two proteins; the pattern of absence seems, on the contrary, indicative of erratic and independent gene losses. The haphazard character of the phylogenetic distribution of the S1p protein is further illustrated by the discrepancies observed between closely related species since this protein which is absent in the complete genomes of M.genitalium and M.pneumoniae has been identi®ed in Mycoplasma pulmonis under GenBank accession number Q98R80. It is noteworthy that we detect a DNA region in the T.maritima genome similar to the S1p gene but including a frameshift that could re¯ect a recent decay of the S1 gene in T.maritima.
Interestingly, the L25p and the L30p proteins absent in two cyanobacteria are also the sole proteins missing in the ribosome of the spinach chloroplast compared to the bacterial one (42, 43) . This strong similarity between the cyanobacterial and chloroplast ribosomes is in agreement with the endosymbiotic theory in plastid evolution (44) and suggests that the gene losses occurred before the endosymbiotic event. However, the L25p and L30p gene losses are not always correlated (Fig. 3) . In fact the L30p constitutes an evolutionary maverick since this protein that is lost in some bacterial lineages is conserved in Archaea and Eucarya.
Additionally, two potential small r-proteins have been identi®ed in very few bacteria: (i) the 45 amino acids long SRA protein (stationary-phase-induced ribosome associated protein, S22p family) in E.coli (45, 46) and Salmonella species; and (ii) the 26 amino acid long Thx protein in Thermus (47, 48) . The latter, classi®ed in the S31e family, ®ts into a cavity between multiple RNA elements in the crystal structure of the 30S subunit of Thermus (2,3). Thus, in contrast to the S1p, S21p, L25p and L30p, the SRA and Thx proteins may constitute recent and speci®c innovation in the course of bacterial ribosome evolution. In addition to these bacterial proteins, a similarity has been detected between the L7ae family found in Archaea and Eucarya and hypothetical proteins from T.maritima and bacterial species of the Bacillus/Clostridium group but no experimental data implicates these proteins in the bacterial ribosome.
Phylogenetic distribution of r-proteins in Archaea
Among the 68 r-protein families represented in Archaea, the L41e protein exhibits such an extremely biased composition and very small size (~20 amino acids) that no clear-cut pattern of presence/absence could be obtained. Among the 67 other archaeal r-protein families, 57 are preserved in the 14 archaeal genomes examined. Remarkably, this set of conserved archaeal r-proteins is also present in all complete genomes of Eucarya. Thus, r-protein genes stabilized in Archaea are also ®xed in organisms ranging from the amitochondriate intracellular pathogen E.cuniculi to H.sapiens.
For the 10 proteins exhibiting a heterogeneous distribution within the archaeal domain (Fig. 3) , the pattern of presence/ absence is not patchy as observed in the case of the four dispensable bacterial r-proteins but seems to ®t the tree of life with the exception of L35ae. All 10 proteins are present in at least one representative of the deeply branched kingdom of Crenarchaeota while ®ve proteins (L38e, L13e, S25e, S26e and S30e) are missing in all representatives of the Euryarchaeota kingdom. Within this latter kingdom, the absences also seem to match the branching order established on the basis of rRNA sequences (49) and con®rmed by r-protein sequences (50) . For example, the early diverging Pyrococcus lineage retains ®ve r-proteins absent in genus that emerged later such as Thermoplasma and Halobacterium. The high number of missing r-protein genes observed in this latter genome is corroborated by the crystal structure of the ribosomal LSU of H.morismortui (5), which lacks the same LSU r-proteins as its close relative, Halobacterium.
The great variation in the number of r-proteins observed within the archaeal domain is intriguing but the comparison with Bacteria and Eucarya sheds light on how the existing distribution has arisen. Excluding the archaeal-speci®c LXa gene, the nine dispensable genes are absent in Bacteria but are found in a wide range of Eucarya, including all complete genomes of Fungi, Plants and Animals. Moreover, all of them are detected either in the incomplete genomes of Diplomonads or Euglenozoa and are also found, with the exception of L38e and L14e (see below), in the complete genome of the amitochondriate protist E.cuniculi. The presence of these nine ribosomal genes in early divergent representatives of Eucarya and Archaea suggests their existence in the common ancestor(s) of the two domains. This makes the crenarchaeal ribosome the most`eukaryotic-like' within the available archaeal ones, which is in agreement with the eukaryotic traits previously reported in Crenarchaeota in both the ribosome morphology (51) and the elongation factor EF1a (52).
The apparently dispensable nature of 10 r-proteins in Archaea raises the question of their role in the archaeal ribosome. Some of their eukaryotic counterparts have been shown to bind rRNA, tRNA, mRNA or translation factors (53±57). Unfortunately, experimental studies are lacking in Archaea, except for the L30e protein of Sulfolobus acidocaldarius, which is responsible for establishing a key bridge between the large and small subunits by speci®cally binding a helix±loop±helix motif (58) . Nevertheless, the involvement of the 10 genes in the translation apparatus is supported by their genomic context since most of them are adjacent to other informational genes with four genes (L34e, L14e, LXa and L30e) belonging to large operonic structures that include r-proteins (Fig. 4) . Interestingly, the L14e and L34e genes that share the same phylogenetic pro®le are located in the same cluster of genes in some archaeal genomes (see Fig. 4 ). This could be indicative of a physical interaction between the two proteins since co-occurrence of genes across complete genomes as well as co-localisation of genes have been frequently used to infer functional coupling (15, 59) .
Phylogenetic distribution of r-proteins in Eucarya
In the eukaryotic domain, 78 (32 small subunit and 46 large subunit) cytoplasmic r-protein families have been identi®ed to date. Except for the L28e absent in the budding yeast, all these families are conserved in mammals (compiled in 24), S.cerevisiae (19) , S.pombe (18), A.thaliana (21) and, according to our analysis, in C.elegans and D.melanogaster. One of these families, the L12P, includes three eukaryotic subfamilies of acidic ribosomal phosphoproteins: the P1 and P2 proteins (60, 61) represented in all the eukaryotic species mentioned above and the P3 protein which is plant speci®c (62) . This leads to a total of 80 r-protein types in the Eukaryotic domain, of which 78 are strictly conserved in all complete genomes of animals, plant and fungi currently available.
As shown in Figure 3 , the remarkable homogeneity in r-protein composition observed within the eukaryotic`crown' group is far from being veri®ed in the E.cuniculi genome. Discarding the L41e (see above), four proteins are absent in E.cuniculi: the strictly eukaryotic S21e and L28e proteins and the L14e and L38e found in Eucarya and in someÐbut not allÐArchaea. It is notable that the r-proteins encoded by all archaeal genomes are also preserved within all the eukaryotic genomes while r-proteins exhibiting a heterogeneous distribution within Eucarya are absent either in all archaeal genomes (such as the S21e and L28e) or in some of them (such as the L14e and L38e). As both the L14e and L38e genes have been detected in deeply branched Archaea, it seems likely that the ancestral genes have been secondarily lost in the Encephalitozoon lineage. The case of the L28e gene (also absent in S.cerevisiae) and of the S21e gene is more controversial since, both of them being eukaryotic speci®c, we could not infer their presence in the common ancestor of eukaryotes. However, the absence of the L28e gene at least in S.cerevisiae may result from a gene loss since the L28e gene is present in the Euglenozoa branch that diverged earlier than Fungi.
DISCUSSION
Our investigation of the complete genomes from 66 different species allows us to gain insight into the conservation of r-proteins across the three primary domains of life and within each of them. Regarding the inter-domain distribution, 32 r-proteins are strictly conserved in all the bacterial, archaeal and eukaryotic studied genomes (BAE set) in agreement with structural comparison between prokaryotic and eukaryotic ribosomes (10) which demonstrates the preservation of the core and global shape of ribosome. The high number of r-proteins conserved in all species of the wide phylogenetic range covered con®rms the prevalence of r-proteins within the universal pool that may be present in the last universal common ancestor (63, 64) .
The distribution of the other r-proteins shows a profound rupture in the protein component of the bacterial ribosome as opposed to the archaeal and eukaryotic ones. No r-proteins are speci®c to Bacteria and Eucarya (BE) or to Bacteria and , Hyp (hypothetical protein), EIF6 (translation initiation factor 6), PFDA (prefoldin alpha subunit), DPA (signal recognition particle protein), SECE (preprotein translocase secE subunit), NUSG (transcription antitermination protein nusG), ALARS (alanyl-tRNA synthetase), PDCD5 (DNA-binding protein belonging to the PDCD5 family), RFCs (replication factor C small subunit), SRP54 (signal recognition 54 kDa protein), NUSA (nusA protein homolog), EF2 (translation elongation factor 2), EF1A (elongation factor 1-alpha). RPOH, RPOB, RPOB2, RPOB1, RPOA1, RPOA2, RPOD, RPON correspond to subunits of the DNA-directed RNA polymerase. Abbreviation used for organisms: Af, A.fulgidus; Ap, A.pernix; Mj, M.janaschii; Mk, M.kandleri; Mt, M.thermoautrophicum; Pa, P.abyssi; Pf, P.furiosus; Ph, P.horikoshii; Py, P.aerophilum; St, S.tokodaii; Ss, S.solfataricus. The LXa gene of Methanococcus jannaschii is not represented since the cluster organization is disrupted for this gene.
Archaea (BA) while 33 are common to Archaea and Eucarya (AE) and 23 r-proteins are bacterial speci®c (B). Even if we cannot exclude that some of the proteins of the B and AE sets have in fact the same ancestral origin but have diverged beyond recognition, the importance of the two sets testi®es to a specialization of bacterial versus archaeal/eukaryotic ribosomes. An appealing hypothesis is that the B and AE proteins are involved in the folding of lineage-speci®c rRNA extensions shown by comparison of rRNA sequences (65) . However, some of these r-proteins could also interact with domain-speci®c translation factors or be implicated in extraribosomal functions as frequently observed for r-proteins (66) .
The intra-domain distribution of r-proteins shows unforeseen differences between the three domains of life. In Bacteria, a relatively simple picture of conservation emerges since only four proteins are lost in the wide collection of bacterial species investigated in our study. Gene losses are restricted to a small number of divergent species or genera suggesting that gene disruptions occurred independently in these lineages. From a physiological point of view, there is a bias toward losses in intracellular pathogens with M.genitalium and M.pneumoniae lacking three of the four dispensable proteins. In addition to these losses, some small r-proteins are found in a restricted number of bacteria such as the Thx protein in Thermus species. It is therefore possible that additional r-proteins limited to a small phylogenetic spectrum are still unknown and could lead to a slightly more diverse picture of the bacterial ribosome than expected.
The distribution of r-proteins appears more complex in Eucarya and Archaea and reveals intricate evolutionary relationships between the two domains. In Eucarya, we observe a remarkable conservation of r-proteins in all investigated genomes except in E.cuniculi that lacks at least four proteins. The homogeneous distribution of r-proteins in representatives of the eukaryotic crown group is noteworthy since rRNA exhibit numerous taxon-speci®c insertions in these groups (67, 68) . Interpretation of gene absences in Microsporidia is complicated by both their intracellular parasitic lifestyle and their uncertain phylogenetic position but gene absences appear directly correlated to the extremely small size of the rRNA which is reduced to the universal core in this species (69) . The amitochondriate Microsporidia were ®rst considered as one of the most basal eukaryotic lineages (70, 71) which diverged before the endosymbiotic event that led to mitochondria. According to this evolutionary scenario, the small size of rRNA and the absence of certain r-protein genes in E.cuniculi could be considered as primitive characters. The appearance of eukaryotic-speci®c proteins after the emergence of the Microsporidia would be a trace of the eukaryotic ribosome enrichment in proteins in the course of evolution. However, according to a growing number of studies (reviewed in 72), Microsporidia may be atypical fungi that secondarily lost mitochondria. If this later origin is con®rmed, the reduction of rRNA size and the loss of some r-proteins would participate in the general process of genome compaction revealed by the genomic sequence (73) which is probably linked to its intracellular parasitic lifestyle.
In Archaea, the pattern of r-protein conservation differs dramatically from those observed in Bacteria and Eucarya. In the archaeal domain, losses include 10 r-proteins while only four proteins appear dispensable in each of the two other domains, revealing a higher than expected plasticity in the archaeal ribosome. Moreover, the losses cannot be explained by an intracellular lifestyle as in the case of eukaryotes and, to a lesser extent, bacteria, since all archaeal species considered in our study are free-living organisms. On the contrary, the pattern of gene losses indicates a progressive elimination of r-protein genes in the course of archaeal evolution, with the deeply branched Crenarchaeota exhibiting up to 10 r-proteins more than the latest divergent representatives of Euryarchaeota. This ribosome`striptease' is, to our knowledge, the ®rst tangible example of reductive evolution observed at a primary domain scale. It is all the more remarkable since informational proteins involved in a macromolecular complex are concerned. The subsequent question is why these r-protein genes have been lost. One could imagine that the loss of r-proteins is functionally and/or structurally compensated by a rRNA enlargement. The inverse mechanism has been proposed in the case of mammalian mitochondrial ribosome where the de®cit of rRNA relative to the bacterial one is balanced by a protein enrichment (74) . However, the situation seems more complex in Archaea since there is no indication of an rRNA shortening between the deeply branch Crenarchaeota and the later diverging Euryarchaeota. Thus, the ribosome of a Crenarchaeota, like A.pernix, may be a rich target for structural studies aimed at understanding the fundamental mechanisms underlying the reductive evolution process.
From an evolutionary perspective, our results lead to troublesome conclusions. On one hand, it seems that, with the exception of LXa, the full complement of archaeal r-proteins was present at an early stage of evolution, i.e. in the cenancestor of Archaea and Eucarya and was progressively eroded. This is in agreement with the eukaryoticrooting tree (75, 76) which proposes that prokaryotes would have evolved by simpli®cation of an ancestral eukaryotic-like genome. On the other hand, the clear-cut opposition between bacterial and archaeal/eukaryotic r-protein complements is in agreement with the bacterial-rooting tree (77) or the symbiosis hypothesis (discussed in 78) which both explain the close relationships observed between Archaea and Eucarya. It even suggests that the ribosome specialization has been constitutive of the segregation of the bacterial lineage from the cenancestor(s) of Archaea and Eucarya, in agreement with Woese's proposal that the translation apparatus`crystallizes' ®rst. Faced with these two opposite evolutionary scenarios, genome sequencing of early branching representatives of the three domains and comparative analyses of other macromolecular complexes will be essential in deciding whether the reductive evolution is a special trait of archaeal ribosomes or whether it constitutes a general trend in prokaryote evolution.
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